Objective: To determine whether an earlier observation, that infants fed a casein-hydrolysate formula (Nutramigen) have lower neonatal jaundice levels than those fed standard formulas, would be repeated in a larger independent group of infants with more frequent measurements and more rigorous statistical analysis.
H
YPERBILIRUBINEMIA in the first days of life is observed more frequently in breast-fed infants than in formula-fed infants. 1, 2 Although the pathogenesis of this finding is poorly understood, many hypotheses exist. 3 There are few data comparing jaundice levels among infants whose diet consists solely of infant formula. One study showed that serum bilirubin concentrations and the transcutaneous measurement of jaundice index were significantly different among infants who were exclusively fed infant formulas. 4 These results showed that infants consuming a casein-hydrolysate formula, Nutramigen, had lower serum bilirubin levels and a lower jaundice index than infants consuming standard formulas.
Pediatricians support breast-feeding as the best choice for neonatal nutrition. Nonetheless, "temporary interruption of breast-feeding and substitution with formula" is advocated by the American Academy of Pediatrics as one therapeutic option for jaundice associated with breastfeeding. 5 If breast-fed infants are going to be fed formula to decrease their jaundice, it would be useful to know if a particular formula is associated with lower jaundice levels. This knowledge could potentially allow infants to get back to breastfeeding faster. The purpose of the present study was to independently assess an earlier finding 4 that neonatal jaundice differs among infants who are exclusively fed various infant formulas. In the present study we assessed jaundice index in a larger group of infants, with more frequent measurements and a more rigorous statistical analysis. These infants were exclusively fed breast milk or 1 of 2 commercial infant formulas.
RESULTS
Demographic characteristics of the neonates are shown in Table 1 . There were no significant differences among the 3 dietary groups in sex, gestational age, parity, birth weight, incidence of vacuum extraction delivery, or previous siblings with jaundice. The maternal age of the breast-fed group was significantly greater than either formula-fed groups. Figure 1 presents jaundice index data. All the raw data from each of the 3 dietary groups are presented along with an overlay of the model for each group. Figure 2 presents the 3 models in 1 graph, thus allowing for easier comparison. The statistics comparing the 3 models are presented in Table 2 . The simultaneous overall comparison of the 3 groups indicates that the models generated are significantly different (P = 1.2 ϫ 10 -15 ). Thus, we proceeded to make paired overall comparisons to determine which groups differed from which other groups. As indicated in the top line of Table 2 , each of the 3 groups was significantly different from each of the other groups (overall comparison of days 0-20). To determine the specific days during which specific groups differed from each other, we made daily comparisons of the model means
SUBJECTS AND METHODS

SUBJECTS
Subjects were healthy, full-term, white, vaginally delivered neonates. Their parents were contacted for recruitment before birth (via newspaper advertisements) or within several hours of birth (before the passage of the first stool). Recruitment was attempted if infants meeting the above criteria were born between the approximate hours of 9 AM and 3 PM. No more than 3 infants were recruited into this study per week. All 3 feeding groups were recruited simultaneously. This research was approved by each subject's personal physician, the University of Wisconsin Human Subjects Committee, and the Meriter-Madison (Wis) General Hospital Institutional Review Board. Infants (n = 20 in each group who successfully completed the study) were completely fed ad libitum with human breast milk or 1 of 2 infant formulas: a standard whey-predominant formula (Enfamil) or a casein-hydrolysate formula (Nutramigen) (both from Mead Johnson, Evansville, Ind). Breast-feeding was initiated within 30 to 60 minutes after birth and was subsequently offered on demand every 1 to 3 hours (10-20 minutes on each breast) with no supplementation of water or formula at any time. Formula feeding was initiated within 30 to 60 minutes after birth and was subsequently offered on demand every 1 to 3 hours. Enfamil or Nutramigen was randomly assigned to the formula-fed infants on the basis of a random assignment chart that was constructed prior to study initiation. Formula-fed infants received no other supplementation. Any deviation from the initial feeding plan or occurrence of serious illness prompted exclusion from the study. Phototherapy invalidates transcutaneous jaundice index measurements, so phototherapy also prompted exclusion from the study. Fourteen infants were initially enrolled but subsequently dropped out of the study: 7 breast-fed (4 required formula supplementation, 1 received phototherapy, and 2 missed the first stool collection), 2 Enfamil-fed (1 received phototherapy and 1 had diarrhea), and 5 Nutramigen-fed (3 due to maternal preference, 1 received formula supplementation, 1 had Hirschsprung disease). If a subject was dropped out of the study, none of the data from that subject was used for this study and this dropout subject was replaced with a subsequent subject who successfully completed the whole study. Infants were recruited between March 13, 1992, and October 13, 1994.
Neonatal jaundice was assessed daily by the determination of the transcutaneous "jaundice index" during the first 7 days of life and every 2 to 3 days during the residual course of the 3-week study. This was done by using a jaundice meter (Jaundice Meter 101; Minolta/Narco Scientific, Hatboro, Pa). This instrument was checked daily with "0" (white) and "20" (yellow) reading checkers, and was found to be within calibration throughout the study (00 or 01 refer to white checker; 20 ± 1, yellow checker). Jaundice index has been shown to be highly correlated with serum bilirubin levels in many reports, 6 including a previous study 4 that showed a correlation of r = 0.94 in 106 paired jaundice meter and neonatal serum bilirubin measurements in a local population similar to the one studied here.
STATISTICAL ANALYSIS
To compare subjects at exactly the same time points, daily values for jaundice index were determined by constructing models of the data for each dietary group. These models were constructed based on data for which the exact date and time of each jaundice measurement was recorded to the nearest minute of each day. Each model was a polynomial regression fit (using up to 5 df ) chosen to minimize the Akaike Information Criterion. 7 Estimates of jaundice index pooled all data within dietary groups. However, to estimate the variance and P values, the repeated measurements of individual subjects were taken into account by using the robust variance estimator for repeated measurements (used in generalized estimating equations with the independence working correlation matrix). 8 Models were validated by examining predicted vs residual values and in all cases no significant departures from the homogeneity of variance assumption were found.
P values for overall fit were obtained by using the results from the above analysis for each of the 3 dietary groups. We used the 2 test of overall differences among the 3 groups as well as the paired comparisons between specific groups. Paired comparisons between groups were only made when significant overall 2 test results were obtained. Paired comparisons were made every 24 hours from birth to 20 days of age. Since there were 3 comparisons at each time point, significance was only concluded if PϽ.017 (0.05/3) (Bonferroni adjustment). 9 Adjusting for multiple comparisons across time was not necessary because of the initial overall model comparisons. All analyses were accomplished with S-PLUS statistical software (Statistical Sciences Inc, Seattle, Wash). Demographic differences among the 3 dietary groups were evaluated with a rank sum test for more than 2 groups (Kruskal-Wallis test), 10 and a 2 test.
for all of the group pairs. These paired comparisons (Table  2) show that the mean model jaundice index was significantly higher (PϽ.017) in the human milk group than in the Enfamil group on days 13 to 19, in the Enfamil group than in the Nutramigen group on days 6 to 16, and in the human milk group than in the Nutramigen group on days 3 to 20.
COMMENT
Results of this study independently confirm the findings of the prior study. 4 All formulas are not equal in their effect on neonatal jaundice. While it is well established that formula-fed infants generally have lower jaundice levels than breast-fed infants, 1,2,11-13 we are unaware of other data comparing jaundice levels among infants fed various formula diets. This and the previous study 4 produced very similar findings. In general, infants fed a caseinhydrolysate formula (Nutramigen) had significantly lower jaundice levels than infants fed a routine whey-predominant formula (Enfamil) during the first 3 weeks of life. It is of note that jaundice levels in the Enfamil-fed group were not significantly lower than those of the breastfed group during the first week of life, as is usually reported. We suggest that this is because the breast-fed infants having the highest serum bilirubin levels received therapy (formula supplementation or phototherapy) and thus were excluded from the study. This biased the breastfed group toward lower jaundice levels.
A RE THERE ANY implications to this finding? It is too early to be definitive. One consideration relates to the time when breast-fed infants are developing jaundice severe enough to consider hyperbilirubinemia therapy. The American Academy of Pediatrics has advocated temporary interruption of breastfeeding and substitution with formula as one therapy for jaundice associated with breast-feeding. 5 When this situation arises, it is conceivable that an infant might receive more benefit from changing from a diet of human milk to Nutramigen rather than to Enfamil. In some infants, a simple formula change for a short time is all that is necessary. In these infants, the more expensive casein-hydrolysate might not be cost-effective. However, in other infants, a change to formula is just the step that precedes other therapy such as phototherapy or exchange transfusion. In these infants, it may be possible that change to the casein-hydrolysate might prevent or lessen the additional therapy. This could only be determined through controlled clinical trials. Hence, use of Nutramigen for this purpose is not recommended at this time. Alternatively, if this effect on jaundice is due to a specific component of casein hydrolysate, perhaps it might be possible to isolate and identify this component so that it could be given separately and thus sometimes avoid interruption of breastfeeding.
What ingredient in hydrolyzed casein could be responsible for causing this difference in jaundice levels between the 2 different formulas? At this time we are unable to do more than speculate. One possible reason for the elevated bilirubin levels in breast-fed infants is ␤-glucuronidase. 14, 15 In the fetus, intestinal ␤-glucuronidase is believed to play an important role in intestinal bilirubin absorption that allows fetal bilirubin to be cleared via the placenta. 16 ␤-Glucuronidase cleaves glucuronic acid from bilirubin conjugates. The unconjugated bilirubin produced can be absorbed from the intestine more easily than the bilirubin glucuronides. 17 However, following birth, an increased level of intestinal ␤-glucuronidase has long been suggested to potentiate the enterohepatic circulation of bilirubin, thus leading to neonatal jaundice. 18 Previous studies had indicated that breast milk contains considerable amounts of ␤-glucuronidase, while the ␤-glucuronidase level in a standard infant formula is negligible. 14, 19 Nutramigen, a caseinhydrolysate formula, has been shown to contain an inhibitor of ␤-glucuronidase. 20 High levels of ␤-glucuronidase in breast milk, feces, or serum have been shown to be associated with neonatal jaundice in some, 14, 15, 19, 21 but not all studies. 22, 23 Recently, we have shown that there is a significant ␤-glucuronidase inhibitor present in hydrolyzed casein and Nutramigen. 20, 24 This ␤-glucuronidase inhibitor remains active after passing through the neonatal intestinal tract. If ␤-glucuronidase is being inhibited in vivo, then there would be less hydrolysis of bilirubin glucuronides. Thus, less unconjugated bilirubin would be available for intestinal absorption. Since unconjugated bilirubin is absorbed more easily than bilirubin glucuronides, 17 the expected result of ␤-glucuronidase inhibition would be to decrease the intestinal absorption of bilirubin and thus improve bilirubin excretion in the stool. This would fit with the observed order of jaundice in this study: breast milk (rich with ␤-glucuronidase 14, 15, 21, 25 ) is associated with highest jaundice levels, Enfamil (containing negligible ␤-glucuronidase 14 ) is associated with intermediate jaundice levels, and Nutramigen (containing a ␤-glucuronidase inhibitor 20, 24 ) is associated with the lowest jaundice levels. Alternatively, perhaps unhydrolyzed cow milk formula and human milk, to a greater degree, contain components other than ␤-glucuronidase that promote hyperbilirubinemia, eg, through enhancement of intestinal absorption of bilirubin. Hydrolysis may destroy this component and result in less jaundice with Nutramigen. Since enterohepatic circulation of various intestinal components, in addition to bilirubin, is a potentially significant biological event, there are implications that are theoretically harmful in providing a feeding that does not contain the factor promoting enterohepatic circulation of such components as thyroxine and other hormones. These considerations need investigation before making recommendations based on bilirubin data only.
